ABSTRACT. The classical metal-organic Frameworks CuBTC showed remarkable low temperature activity in selective catalytic reduction of NO with NH 3 (NH 3 -SCR). It was found the conversion of NO can reach as high as 100% in the range 210-300 °C on the activated sample. The nature of the active Cu species among CuBTC in NH 3 -SCR based on the activity data were characterized by TEM, XPS, XRD, EPR and IR. This high activity is not only due to the unsaturated metal centers of the frameworks, but also to the presence of high-dispersed Cu 2 O particles. Both Cu
Introduction
Metal -organic frameworks (MOFs) have received considerable attention due to their high surface area, tunable pore sizes and relatively high thermal stability. As a new class of porous nanomaterials, MOFs are promising materials for applications in gas storage [1, 2] , gas separation [3, 4] and catalysis [5, 6] . The use of MOFs as heterogeneous catalyst is of great interest, because MOFs not only contain unsaturated metal centers as catalytic active sites, but also provide adjustable chemical functionality for different catalytic reactions [7, 8] . Even though a large number MOFs have been applied for a variety of catalytic reactions, until today few MOFs as denitrification catalyst have been tested in selective Catalysis Reduction of NO x with Ammonia (NH 3 -SCR).
Among MOFs, CuBTC ([Cu 3 (BTC) 2 (H 2 O) 3 xH 2 O; BTC = benzene-1,3,5-tricarboxylate], also known as HKUST-1) is a strong and effective Cu-based catalysts with high specific surface and low density [9, 10] . CuBTC is face-centered-cubic crystals that contain an intersecting three-dimensional system of large square-shaped pores (9x9Å), and it has paddle-wheel-type metal corners formed by a binuclear Cu connected with four BTC ligands. Since two water molecules are weakly bound to the residual axial binding site of Cu 2+ ions, unsaturated Cu 2+ centers can be easily formed by the removal of coordinated water through vacuum heat treatment, as shown in Fig.1 . These unsaturated Cu species, having an electronic configuration of d 9 , can act as Lewis acid sites to coordinate adsorbates and lead to high catalytic performance of CuBTC [11] [12] [13] [14] [15] [16] [17] . Fig.1 The schematic diagram of CuBTC activation process.
CuBTC has been successfully applied in several catalytic reactions [18] , such as aza-Michael reaction [19] cyanosilylation [20] and CO oxidation [21, 22] . Jingyun Ye [23] demonstrated that unsaturated Cu metal sites contribute significantly to catalytic activities. In addition, Juan M. Zamaro [24] argued that highly dispersed CuO nanoparticles produced by reaction stream at high temperature was also correlated to an increase in catalytic activity of CuBTC. To further evaluate the catalytic performance of CuBTC, we have used NH 3 -SCR reaction as a test reaction catalyzed by CuBTC.
In this paper, CuBTC was synthesized by hydrothermal method and used for selective catalytic reduction of NO with NH 3 . The catalytic activity of activated CuBTC at various temperatures was investigated. The catalyst was further characterized by XRD, TGA, TEM, IR, EPR and XPS, and the catalytic reaction mechanism of CuBTC was discussed.
Experimental

Synthesis of CuBTC
All reagents were analytical grade and used without further purification. Cu(NO 3 ) 2 •3H 2 O was received from Kemiou Co., 1,3,5-benzenetricarboxylic acid (H 3 BTC) was purchased from Tixiai Co.. Aabsolute ethanol and dimethylformamide (DMF) were obtained from Guoyao Chemical Co..
CuBTC was prepared by hydrothermal method in a Teflon-lined autoclave. Firstly Cu(NO 3 ) 2 •3H 2 O (3 mmol) and H 3 BTC (2 mmol) were dissolved in 20 ml mixture of ethanol and DMF, and stirred magnetically for 30 min. The obtained solution was then heated to 120°C for 24 h in 25 ml Teflon-lined vessel. The resulting product was cleaned by absolute ethanol and further kept in a desiccator.
Prior to catalytic activity test, CuBTC samples were activated at 150°C, 200°C, 230°C and 260°C temperatures under nitrogen flow for 3 hours, respectively, with a heating rate of 10°C min −1 .
Catalyst characterization
X-ray powder diffraction (XRD) patterns were collected with a LabX-6000 X-Ray diffractometer (Cu-K α radiation, λ= 0.15418 nm) at an acquisition rate of 8 -STWIN transmission electron microscopy operating at 200kVwith a double-tilt goniometer. Thermo Gravimetric analysis (TGA) and differential thermal analysis (DTA) were checked in a DSC822/TGA/SDTA851 thermal gravimetric analyzer from 25°C to 600°C with a heating rate of 10°C /min in a nitrogen flow. In situ Fourier-transform infrared (FTIR) spectrum was recorded on a Bruker VERTEX 70 spectrometer. X-ray photoelectron spectroscopy (XPS) surface analysis was conducted during characteristic peak range of copper (930−965 eV) in a Kratos AXIS Ultra DLD spectroscopy. Electron-Spin Resonance (EPR) spectra were recorded at a Bruke A200 Spectrometer.
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Catalytic activity test NH 3 -SCR catalytic activity was tested in a fixed-bed quartz flow reactor (inner diameter 6 mm) with 200 mg of catalyst (40-60 mesh). The reactant gas consisted of 500 ppm NO, 500 ppm NH 3 , and 5 vol% O 2 , respectively, with N 2 as balance, and the flow rate of mixed reactants was 100 mL/min. The concentrations of inlet and outlet gases were continually monitored by flue gas analyzer (Testo350). The activity data was recorded when the catalytic reaction practically reached steady-state condition at each temperature.
Results and discussion
Thermal Stability of as-synthesized CuBTC As shown in Fig.2 , TGA/DTA result indicated that CuBTC showed good thermal stability over 300°C. The first mass loss of 30% was attributed to liberation of physisorbed water and residual ethanol in porous framework below 110°C. The second 6% mass loss in the range of 110°C ~300°C was due to the removal of water molecules coordinating nonquivalent to Cu 2+ ions [25] . More and more catalytic active sites appeared with dehydration treatment. The framework eventually decomposes with a mass loss of 36.4% above 300°C.
Catalytic Performance
The CuBTC serial catalysts activated at 150°C, 200°C, 230°C, 260°C were tested in NH 3 -SCR reaction and the denitrification results were presented in Fig.3 . CuBTC catalysts began to show significant activity when reaction temperature was above 150 °C. Especially, the NO conversation over the catalyst activated at 230°C reached almost 100% during temperature range from 210 to 300°C, showing a much wider activity window than other samples. When reaction temperature was above 320 °C, a sharp decrease in the catalytic activity of all CuBTC materials were observed, which may due to the partial destruction of MOF structure. [19] , which proving that the obtained as-synthesized samples were pure Cu-BTC polymer. After being activated at 230°C under nitrogen flow for 3 hours, the activated sample exhibited almost the same peaks with those of as-synthesized CuBTC except that one small peak at 5.9 o was presented in the as-synthesized sample ,but not in the activated samples. This phenomenon was correlated to the water molecules. So it could be deduced the major crystalline integrity of the activated CuBTC was still intact after exposure to N 2 at the activated temperature. No reflection peaks of Cu 2 O (ICDD 5-667) was detected in Fig.4 , which indicated that either the content of Cu 2 O nanoparticles may be very small or amorphous.
XRD analysis
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Current Micro-Nano Science and Technology (Fig.5. (d) ). So it was possible to determine that these nanoparticles correspond to crystalline Cu 2 O .With regard to the active species in the catalysts, it is very different from Juan M. Zamaro's conclusion in such case. In order to investigate the valence state of coppers in CuBTC catalysts, X-ray photoelectron spectroscopy (XPS) was conducted on the sample activated at 230°C.And the XPS spectrum in the range of copper 930~965 eV was shown in Fig.6 . The binding energies of catalyst were calibrated Advanced Materials Research Vol. 1118using C 1s at 284.60 eV. In Fig. 5 , two high characteristic peaks of divalent Cu (Ⅱ) were observed at 934.3 and 954.1 eV, corresponding to Cu 2p3/2and Cu 2p1/2, respectively .Meanwhile, obvious "shake-up satellites" peaks found in the range of 930−965 eV was generally considered as an indication of the presence of Cu(II) species. We also noted that two minor characteristic peaks of monovalent Cu(Ⅰ) appeared at 932.8 and 952.6 eV, which could be confirmed that the catalyst surface was covered by Cu(Ⅱ) and Cu(Ⅰ) species [26] . Fig. 7 Mid-IR spectrum of Cu-BTC activated at 230 °C in transmittance mode.
To obtain information about Cu (II) and Cu(I) species in CuBTC upon activation, IR spectra have been collected in mid-IR region (400~4000cm -1 ), as illustrated in Fig.7 . The spectrum of CuBTC activated at 230 °C was dominated by modes associated with the organic part of the MOF framework in the 700~2000 cm -1 range. The bands in the 1700~1500 and 1500~1300 cm -1 ranges were due to υ asym (C-O 2 ) and υ sym (C-O 2 ) stretching modes, respectively. The broad band observed at 2500-3600 cm region is due to O-H stretching in carboxylic group, indicating the presence of loosely bound water molecules in Cu 3 (BTC) 2 . The IR absorption band centered at 476 cm -1 is assigned to Cu-O stretching modes, in which the oxygen atom is coordinated with Cu 2+ [27, 28] . A small band at 594 cm -1 found in this IR spectrum is relation with υ(Cu-O) mode of Cu 2 O. Here, it deserved to mention that activation conditions can significantly affect the formation of Cu 2 O. Cu 2 O may be observed as a by-product during dehydration procedure [29] , which agree well with the results of TEM images. To investigate structural changes of copper ions upon the activation treatment, the X-band EPR spectra of the as-synthesized and activated CuBTC samples were presented in Fig.8 . The spectrum of the CuBTC after being vacuumed at 230 o C is typical for a six-coordinated Cu(II) complex with an elongated coordination octahedron , according to the peaks marked at g // =2.246 and g ┴ =2.056. EPR spectrum taken on the CuBTC activated at 230 o C exhibit pronounced sharpening of g compared with the as-synthesized sample, which indicating coordination changes at all axial sites. These changes in the spectra are accompanied by a color change of from light cyan to blue navy.This can be traced back to a closer approach to axial symmetry of Cu 2+ [30, 31] .
Conclusions
The CuBTC catalysts showed remarkable low temperature activity in selective catalytic reduction of NO with NH 3 . The conversion of NO can reach as high as 100% in the range 210~300℃ on the activated sample and the activation processes of the CuBTC have been successfully investigated by means of the XRD, IR, TEM, XPS, EPR and TGA/DTA. It has shown that although the crystalline structure of the material were preserved, highly dispersed 5~10 nm Cu 2 O particles would be formed at the activation temperature above 200°C . Scarcely does single XRD investigation availably discern the presence of a small amount of Cu 2 O species. Considering that both Cu 2 O particles and unsaturated Cu
2+
-O are helpful to the conversion of NO. Consequently, we can perhaps draw one conclusion that Cu 2+ and Cu + species play a cooperative catalytic effect on NH 3 -SCR.
